Atrial and brain natriuretic peptides (ANP and BNP) regulate blood pressure and cardiac function. In patients with heart failure (HF), plasma levels of pro-ANP and pro-BNP, the precursor forms of ANP and BNP, are highly elevated, but the mechanism underlying the apparent deficiency in natriuretic peptide processing is unclear. Corin is a cardiac protease that activates natriuretic peptides. In this study, we examined corin protein expression and activity in mouse and human failing hearts. Tissue samples were obtained from a mouse model of HF induced by myotrophin overexpression and from human nonfailing, hypertrophic, and failing hearts. Corin protein levels in the membrane fraction and tissue lysate were measured by Western blotting and ELISA. Corin catalytic and biological activities were measured by fluorescent substrate and pro-ANP processing assays. In mice, corin protein levels did not change with age in normal hearts but increased significantly in failing hearts. In humans, corin protein levels were similar in the atrium from nonfailing and failing hearts but were increased in the ventricle in failing hearts compared with those in nonfailing or hypertrophic hearts. Unlike the protein level, however, corin activity did not increase in failing hearts, as measured by fluorogenic substrate and pro-ANP processing assays. Our results indicate that corin activation is a rate-limiting step in failing hearts. Insufficient corin activation is expected to prevent natriuretic peptide processing and may contribute to body fluid retention and impaired cardiac function in patients with HF. natriuretic peptides; protease; myotropin ATRIAL AND BRAIN NATRIURETIC peptides (ANP and BNP) are cardiac hormones that regulate blood pressure by promoting natriuresis, diuresis, and vasodilation (6, 19, 28) . As a compensatory mechanism in heart failure (HF), natriuretic peptide expression is upregulated to lower blood pressure and improve cardiac function. Like many peptide hormones, the natriuretic peptides are made as precursors that are converted to active forms by proteolysis. In patients with HF, plasma pro-ANP and pro-BNP levels are highly increased (1, 2, 5, 11, 20, 33, 42) , suggesting that the processing of these peptides may be compromised under pathological conditions.
natriuretic peptides; protease; myotropin ATRIAL AND BRAIN NATRIURETIC peptides (ANP and BNP) are cardiac hormones that regulate blood pressure by promoting natriuresis, diuresis, and vasodilation (6, 19, 28) . As a compensatory mechanism in heart failure (HF), natriuretic peptide expression is upregulated to lower blood pressure and improve cardiac function. Like many peptide hormones, the natriuretic peptides are made as precursors that are converted to active forms by proteolysis. In patients with HF, plasma pro-ANP and pro-BNP levels are highly increased (1, 2, 5, 11, 20, 33, 42) , suggesting that the processing of these peptides may be compromised under pathological conditions.
Corin is a cardiac transmembrane protease that processes natriuretic peptides (38, 39) . In mice, lack of corin prevented natriuretic peptide processing and caused hypertension (4) . Corin knockout mice also developed cardiac hypertrophy (4, 25) , indicating the importance of corin in regulating blood pressure and cardiac function in vivo. In humans, corin gene variants are associated with hypertension and cardiac hypertrophy (9, 29, 37) . HF patients with the corin variants had impaired pro-BNP processing and poor clinical outcomes (30) , suggesting that corin deficiency may contribute to hypertensive disease.
Corin is made primarily in cardiomyocytes (13, 40) . This cell-specific expression was mediated by a GATA-4-dependent transcriptional mechanism (26) . In cultured cardiomyocytes, corin mRNA and activity were upregulated upon hypertrophic stimuli (36) . In vivo, however, corin gene regulation is less clear. In a rat model of HF induced by left coronary artery ligation, corin mRNA levels in the noninfarcted left ventricular myocardium were increased at 8 wk after the surgery (36) . Similar results were reported in a rat model of chemically induced myocardial necrosis (15) . In contrast, upregulation of corin mRNA expression was not detected in the atrium in another rat HF model induced by aortacaval shunt (18) . The reason for the apparent difference was not clear and may be due to different HF models and/or experimental methods for tissue sampling and mRNA analysis.
To understand the regulation of corin function in HF, here we examined corin protein and activity in a transgenic mouse model of HF and in human nonfailing and failing hearts. Our results showed that corin protein levels, but not its activity, were increased in both mouse and human failing hearts. Our finding suggests that insufficient corin activity may limit natriuretic peptide processing and contribute to the pathogenesis of HF.
METHODS

Mouse model of HF.
A transgenic (Tg) mouse model of HF was used in this study (31), in which overexpression of cardiospecific myotrophin leads to cardiac hypertrophy and subsequently HF. The mice had cardiac morphological, functional, and gene profiling changes that resembled those in human HF (31). Hearts were collected from the Tg and wild-type (WT) mice at 4, 16, and 36 wk, when Tg mice had normal, hypertrophic [ejection fraction (EF), Ͼ80%], and failing (EF Ͻ 15%) hearts, respectively. This well characterized mouse HF model offered an opportunity to analyze corin gene and protein expression during transitional stages from normal to hypertrophic and to failing hearts. The animal care and experimental procedures were approved by and performed in accordance with the guidelines of the Institutional Animal Care and Use Committee of the Cleveland Clinic.
Human hearts. Human failing hearts were collected from transplant recipients with dilated cardiomyopathy. Nonfailing hearts were from unmatched donors whose hearts were no longer suitable for transplantation. Heart samples were kept in an ice-cold cardioplegic solution (34) and tissues from each heart chamber were separated, frozen in liquid nitrogen, and stored at Ϫ80°C. Protocols for tissue procurement were in compliance with institutional guidelines for human research and approved by the local Institutional Review Board. The cardiac function and hypertrophy were assessed by echocardiography. HF stages were based on the New York Heart Association functional classification. Clinical characteristics of the patients whose hearts were used are shown in Table 1 . More detailed information for individual donors is provided in the supplemental material (Supplemental Table S1 ; Supplemental Material for this article is available online at the Journal website).
Tissue sample preparation. Heart tissues were homogenized in a buffer with 20 mmol/l Tris·HCl, pH 8.0, 100 mmol/l NaCl, 1 mmol/l EDTA, 0.5% Nonidet P-40 (NP-40), and 1% (vol/vol) protease inhibitor cocktail. After centrifugation to remove cellular debris, protein concentrations in the homogenate were measured by a Bradford assay. Membrane fractions from heart tissues were prepared by homogenizing tissues in 25 mmol/l Tris·HCl, pH 7.4, 5 mmol/l EDTA, pH 8.0, with or without aprotinin (200 ng/ml) and leupeptin (12.5 g/ml). The homogenate was centrifuged at 200,000 g for 1 h. The pellet was washed and resuspended in an NP-40 buffer.
To extract total RNAs from heart samples, tissues were homogenized in the TRIzol reagent (Invitrogen) and centrifuged at 12,000 g at 4°C for 10 min. The supernatant was extracted with chloroform. RNAs in the aqueous phase were precipitated and dissolved in distilled water.
ELISA and Western blotting. Human corin protein was measured by ELISA (7) . Briefly, 96-well plates were coated with an anti-human corin antibody (R&D Systems). Tissue lysate or recombinant human corin standard was added and incubated at room temperature for 2 h. A biotinylated anti-human corin antibody was added and incubated for 2 h. A streptavidin-horseradish peroxidase (HRP) solution was added and incubated at room temperature for 20 min followed by adding a substrate solution (1:1 mixture of H 2O2 and 3,3=,5,5=-tetramethylbenzidine). The optical density in wells was monitored by a plate reader (Molecular Devices) at 450-nm wavelength.
In Western blot analysis, protein samples in a Laemmli buffer with (reducing) or without (nonreducing) 5% ␤-mercaptoethanol were separated in 4 -20% Tris-glycine gels and transferred onto polyvinylidene difluoride membranes. An anti-corin polyclonal antibody and an HRP-conjugated secondary antibody were used to detect corin fragments. Corin levels, normalized with a GAPDH internal control, were quantified using a densitometer (Bio-Rad), as described previously (21) .
Quantitative RT-PCR. To quantify corin mRNA expression in heart tissues, total RNAs were isolated and analyzed by real-time RT-PCR. Reactions were done using TaqMan Gene Expression Master Mix according to the manufacturer's protocol. Amplification was done by the ABI PRISM 7900HT sequence detection system (Applied Biosystems). The thermal cycling conditions were 2 min at 50°C and 10 min at 95°C, followed by 40 cycles of 15 s at 95°C and 1 min at 60°C. ␤-Actin was used as an internal control.
Corin catalytic activity assay. Corin catalytic activity was measured by using the fluorogenic substrate (p-tosyl-Gly-Pro-Arg) 2-rhodamine 110 (Molecular Probes). The assay was done in 96-well plates with 20 mol/l of the substrate and 5 g of heart membrane proteins. To determine the specificity of corin activity, benzamidine (a nonspecific serine protease inhibitor) (Amresco) or hirudin (a specific thrombin inhibitor) (Sigma-Aldrich) was mixed with the heart samples and incubated at 37°C for 5 min before addition to the substrate. Another control in these experiments included assay buffer alone (10 mmol/l Tris·HCl, pH 7.5, and 100 mol/l CaCl 2). The fluorescence was monitored at wavelengths of 485 nm (excitation) and 538 nm (emission) at room temperature at 2-min intervals for 1 h in a plate reader. Corin catalytic activity was presented as V max for the maximal rate of reaction.
Pro-ANP processing assay. To examine the pro-ANP processing activity of corin, the conditioned medium from transfected HEK 293 cells expressing human pro-ANP was prepared and incubated with heart membrane fractions. The corin concentration in the membrane fractions was determined by ELISA. Pro-ANP processing was performed at 37°C for 1 h in the presence of increasing concentrations of corin. Pro-ANP and ANP in the conditioned medium were analyzed by immunoprecipitation and Western blotting, as described previously (16, 17) .
Statistical analysis. Data are presented as means Ϯ SE. Statistical analysis was done by use of the GraphPad Prism software. Comparisons were made by Student's t-test for two groups or one-way ANOVA followed by Tukey's posttest for three or more groups. A P value of Ͻ0.05 was considered statistically significant.
RESULTS
Corin protein expression in mouse failing hearts. By Western blot analysis, corin levels in heart samples did not increase in WT mice at 4, 16, and 36 wk of age (Fig. 1) . In Tg mice overexpressing myotrophin, corin levels were similar to that in age-matched WT mice at 4 and 16 wk but were significantly increased at 36 wk (Fig. 1) . In this Tg mouse model, hearts appeared normal at 4 wk, became hypertrophic at 16 wk, and were failing at 36 wk (31), indicating increased corin protein expression in failing hearts.
Corin mRNA and protein expression in human normal hearts. Next, we examined corin mRNA expression in human normal hearts by quantitative RT-PCR. Corin mRNA levels were significantly higher in the atrium than that in the ventricle (P Ͻ 0.005) (Fig. 2A) . By ELISA, corin protein levels were also higher in the atrium than that in the ventricle (6.9 Ϯ 1.1 vs. 2.3 Ϯ 0.2 pg/g total protein, P Ͻ 0.0001) (Fig. 2B) . The results were consistent with a previous study showing that corin mRNA expression was higher in the atrium than the ventricle in mouse developing and adult hearts (40) .
Corin protein expression in human failing hearts. We measured corin protein levels by ELISA in human failing hearts. In either left or right atria, no significant differences in corin protein expression were found between nonfailing and failing hearts (P Ͼ 0.05) (Fig. 3, top) . In both left and right ventricles, however, corin protein levels were considerably higher in failing hearts than that in nonfailing hearts (P Ͻ 0.05) (Fig. 3,  bottom) . Western blot analysis and quantitative RT-PCR confirmed increased corin protein and mRNA levels in ventricular samples from failing hearts compared with that from nonfailing controls (P Ͻ 0.05) (data not shown).
During the course of HF progression, hearts often become hypertrophic before failing (14, 22, 24) . By ELISA, we examined corin protein levels in ventricular tissues from human nonfailing, hypertrophic, and failing hearts. The results showed that corin levels were increased only in failing hearts but not hypertrophic hearts (Fig. 4) , indicating that human corin protein expression was upregulated only in late stages of HF. A: total RNAs from atria and ventricles were analyzed by quantitative RT-PCR. Corin mRNA levels were higher in the atrium than that in the ventricle. *P Ͻ 0.005; n ϭ 8. B: tissue lysates from atria and ventricles were analyzed by ELISA. Corin protein levels were higher in the atrium than in the ventricle. *P Ͻ 0.0001; n ϭ 10. Fig. 3 . Corin protein levels in human failing hearts. Tissue lysate was from left and right atria (LA and RA, top) and ventricles (LV and RV, bottom) from nonfailing and failing hearts. Corin protein levels were measured by ELISA. Samples numbers in each group were Ն5. *P Ͻ 0.05 vs. nonfailing hearts of the same group. Fig. 4 . Corin protein levels in human nonfailing, hypertrophic, and failing hearts. Tissue lysate was prepared with ventricular samples from nonfailing, hypertrophic, and failing hearts. Corin expression levels were measured by ELISA. At least 9 samples were included in each group. **P Ͻ 0.05 vs. nonfailing or hypertrophic.
Corin activity in human failing hearts. To determine corin enzyme activity in human hearts, we developed a fluorogenic substrate assay using a peptide (Gly-Pro-Arg) that was similar to the corin cleavage sequence in pro-ANP (41) . Because corin is a transmembrane protein, we prepared membrane fractions from hearts to measure corin activity. Heart membrane fractions from corin knockout mice were used as a background control for other potential protease activities that might be associated with heart membranes.
In the fluorogenic assay, protease enzymatic activities were similar in membrane fractions from left ventricles of human nonfailing and failing hearts (P Ͼ 0.05) (Fig. 5) . We verified the assay specificity with two protease inhibitors. Hirudin, a highly specific thrombin inhibitor, was used to exclude possible blood clotting enzymes in the membrane fractions, and benzamidine, a nonspecific serine protease inhibitor, was used to confirm fluorogenic signals were from serine protease activity. As shown in Fig. 5 , hirudin had little inhibitory effect whereas benzamidine inhibited virtually all the activity in this assay. The results suggested that corin enzyme activity, as measured by this substrate assay, was not increased in human failing hearts compared with that in nonfailing hearts.
To confirm this result, we performed a pro-ANP processing assay. Recombinant pro-ANP was incubated with membrane fractions from left ventricles of human nonfailing and failing hearts. Corin concentration in both preparations was normalized to 3.1 ng/ml. Pro-ANP to ANP conversion was examined by Western blot analysis (16) . The result showed that conversion of pro-ANP to ANP was similar in samples from nonfailing and failing hearts (Fig. 6 ), which were consistent with the data from the fluorogenic substrate assay (Fig. 5 ) and indicated that corin activities did not increase in human failing hearts.
DISCUSSION
Natriuretic peptides are essential for regulating blood pressure and cardiac function. In cells, these peptides are made as pro-ANP and pro-BNP, which are processed to mature ANP and BNP upon secretion (3, 28, 32) . In patients with end-stage HF, plasma pro-ANP and pro-BNP levels are elevated (1, 2, 5, 11, 20, 33, 42) , suggesting that processing of these peptides is compromised as the disease progresses. Since ANP and BNP, but not pro-ANP and pro-BNP, are biologically active (8, 12, 28) , the impaired processing of these peptides is expected to reduce their activities, which may contribute to water retention and worsening cardiac function in patients with HF.
Corin processes natriuretic peptides in the heart. Corin gene variants are associated with the risk of hypertension and cardiac hypertrophy and poor clinical outcomes (9, 29, 30, 37) . To date, however, corin expression and activity in HF remains unclear. In this study, we examined corin mRNA and protein expression in falling hearts. We used a Tg mouse HF model induced by myotrophin overexpression (31). Hearts from these Tg mice undergo phenotypic and functional changes that are similar to those in human HF (31). In these mice, corin protein levels did not change up to 16 wk of age even though hearts became hypertrophic. By 36 wk, however, corin protein levels were increased when their hearts were in failure. The results were consistent with our previous findings in a rat model, in which upregulation of corin mRNA occurred only at a late stage in HF (36) .
We extended our studies and examined corin expression in humans. In human normal hearts, both corin mRNA and protein levels were higher in the atrium than the ventricle. As natriuretic peptides, especially ANP, are abundant in the atrium, the higher atrial corin expression may reflect its physiological function in processing natriuretic peptides in the heart.
In patients with HF, corin levels were similar in the atrium in nonfailing and failing hearts but were increased in the ventricle in failing hearts. Like the findings in the mouse HF model (Fig. 1) , the increase in corin protein levels was observed only in failing, but not hypertrophic, hearts. In contrast, natriuretic peptide expression is elevated in both hypertrophic and failing hearts (23, 35) . In our study, the hypertrophic hearts were from patients with hypertension (Table 1) . It appeared, Fig. 5 . Serine protease activity in human nonfailing and failing hearts. Serine protease activity in membrane fractions from left ventricles of nonfailing and failing hearts was measured by a fluorescent substrate assay. The reaction was monitored by a plate reader using a kinetic mode. Hirudin and benzamidine were used to determine assay specificity. The data were from 3 independent experiments, each of which included 4 samples. n.s., Not statistically significant vs. nonfailing hearts. therefore, that corin expression did not directly correlate with high blood pressure but was upregulated only in failing hearts where its activity might be no longer sufficient for processing increasing amounts of natriuretic peptides. Previous studies showed that the transcription factor GATA-4 played a major role in the cardiac specific expression of the corin gene (26) . It remains to be determined whether a similar GATA-4-dependent mechanism is involved in upregulating corin expression in failing hearts.
High corin levels in human failing hearts seemed to be paradoxical to elevated levels of circulating pro-ANP and pro-BNP in patients with HF. As a trypsinlike protease, corin is synthesized as an inactive zymogen, which is activated by cleavage at a conserved site (40) . For many serine proteases, zymogen activation is critical in controlling their activities. To date, however, the corin activator has not been identified. Studies have shown that in normal heart cells only a small fraction of total corin molecules was active (10, 21) . It is possible that the activity from such a fraction of corin molecules is sufficient under normal conditions and that corin zymogen activation might increase when more of its activity is needed under pathological conditions. Because of the lack of a suitable antibody that recognizes the activated corin protease fragment, we were unable to directly assess corin zymogen activation in heart samples by Western blotting. In two functional assays, however, we did not detect any increase in corin activity in failing hearts despite apparent higher levels of corin protein. It appears, therefore, that corin activation is a critical step that limits its activity in failing hearts. Further identification and characterization of the corin activator shall help to understand the regulation of corin expression and activity.
Recently, we and others detected soluble corin in human plasma (7, 27) , suggesting that corin is shed from the cell surface and that the cleaved corin fragment(s) enter the circulation. Interestingly, plasma-soluble corin levels were lower in patients with HF and the reduction correlated with disease severity (7) . If corin protein levels were higher in failing hearts, why were plasma-soluble corin levels low in HF patients? The exact reason is unclear. It is possible that the expression/ activity of corin sheddase, which remains unknown, are reduced in failing hearts, leading to low levels of plasma-soluble corin. Alternatively, corin cleaves itself on the cell surface and in failing hearts such a process is inhibited or impaired, resulting in higher corin levels in the heart but lower levels in plasma. Other possibilities may also include accelerated plasma corin degradation or clearance in patients with HF.
In summary, we found that corin mRNA and protein expression was upregulated in mouse and human failing hearts. In contrast, corin activity did not increase proportionally. Natriuretic peptide levels are increased in HF as a compensatory mechanism to counter high blood pressure and excessive body fluid retention. When the production of these peptides reaches a certain level, apparently, the heart also starts to produce more corin protein to increase natriuretic peptide processing, thereby generating more natriuretic and diuretic activities. In failing hearts, however, corin activation does not appear to increase proportionally to meet the demand. As a result, when the heart produces more natriuretic peptides, corin enzyme activity becomes rate limiting and significant portions of these peptides remain unprocessed. Our results may explain high plasma levels of pro-ANP and pro-BNP found in HF patients and also suggest that strategies to enhance corin activation may be used as a therapy to treat patients with HF.
